Abstract Simulations show the BER performance of a coherent optical OFDM system with different cyclic prefix lengths. We derive a design rule, which allows data rate and distance scaling while maintaining tolerance to chromatic dispersion.
Introduction
Recently, optical transmission systems deploying orthogonal frequency division multiplexing (OFDM) have gained interest. Simulation based investigations show that these setups are able to efficiently compensate for chromatic dispersion in the electrical domain. Two general architectures have been proposed in order to preserve linearity of distortions in the optical domain beyond opto-electrical conversion: Single side-band (SSB) modulation can be used along with direct detection [1] . Alternatively, a coherent optical OFDM system (CO-OFDM) has been proposed [2] . Recent publications show results of CO-OFDM transmission experiments considering bitrates up to 10 Gb/s [3, 4] . For actual future systems it will be important to understand the scaling towards higher bitrates.
Investigated Setup
In our investigations we concentrate on a CO-OFDM transmission setup as shown in Figure 1 . At first the bitrate shall be set to R = 10 Gb/s. N sc = 128 subcarriers are modulated using 4 QAM which corresponds to m = 2 bits per sub-carrier symbol. The chosen set of parameters results in an OFDM symbol duration of m⋅ N sc / R = 25.6 ns. After inverse discrete Fourier transform and cyclic prefix extension the complex valued base-band signal is modulated onto an optical carrier. The coherent homodyne receiver is built up by a local laser, a 2x4-90°-hybrid, and two balanced detectors. The state of polarization of the received signal has to be controlled. A major drawback of coherent reception is the stringent requirement on laser linewidth. Throughout the paper we assume 100 kHz as in [4] , where a phase noise compensation method is presented. The extracted inphase and quadrature component of the received signal are sampled; after cyclic prefix removal and DFT one retrieves distorted symbols Y k,l . Zero-forcing equalization is done by dividing by the respective channel coefficients, which are supposed to be perfectly known to the receiver in our simulations. The transmission channel is assumed to consist of 4000 km SSMF (50 spans, 20 dB loss each) without optical dispersion compensation, i.e. the total accumulated chromatic dispersion equals DL = 64000 ps/nm; fibre non-linearity is neglected. Generally optical OFDM systems are sensitive to non-linear effects as the transmit signal has a rather high peak to average power ratio. However, it is possible to set up operating points where distortions due to nonlinear effects are not dominating [1, 5] . Furthermore no PMD is considered as in the presented case pulse broadening is dominated by chromatic dispersion [6] 
where c denotes the speed of light, f and BW are the optical carrier frequency and the used bandwidth, respectively. Inter symbol interference (ISI) and inter carrier interference (ICI) are avoided if each OFDM symbol is extended by a cyclic prefix (CP) of appropriate length. This length T cp has to be chosen greater than the maximum delay spread of the channel's impulse response. An approximate design criterion can be derived from (1)
where r cp is the ratio of the cyclic prefix length and the duration of the original OFDM symbol (before cyclic extension). If we set r cp to 1/4 for instance, the introduced setup has a cyclic prefix length of 5.1 ns. At the same time (1) yields an approximate pulse broadening of 3.2 ns which means that inequality (2) is satisfied. Starting from this set of parameters
ZFequ. Actually the relative cyclic prefix length was halved from simulation iteration to iteration. At first the curves show improved performance when the cyclic prefix length is reduced to 1/8. This is because the cyclic extension itself requires transmit energy but carries no information. Moreover, distortions due to ISI and ICI are low, as now pulse broadening is just slightly greater than the cyclic prefix duration. A further reduction of r cp to 1/16 and 1/32 leads to performance degradation.
Scaling to Higher Bit-rates and Distances
A possible way of increasing the bitrate would be raising the sub-carrier bandwidths, which obviously increases the total bandwidth. However, doing so yields a reduced OFDM symbol duration. As a consequence the higher total bandwidth requires a longer cyclic prefix duration which increases the relative overhead. Therefore, in the following the subcarrier bandwidth shall not be considered as a free design parameter. The duration of the cyclic prefix can be written as 
⋅ + =
Inserting T cp into (2) results in the following design rule which guarantees an appropriate cyclic prefix length according to (1) . ) 1 ( The left hand side of this expression collects parameters of the transmission channel; the parameters on the right hand side correspond to the OFDM design. If we want to scale the system considered so far to a bitrate of 40 Gb/s, we have a couple of options which maintain the CD robustness. One possibility is to scale the number of sub-carriers by 16, i.e. to N sc = 2048. Alternatively, we can change the signal constellation to 16 QAM while setting the number of sub-carriers to 512. where P in is the optical input power in dBm and g is the amplifier gain in dB. In our example the OSNR equals 16 dB, given a noise figure of 5 dB and P in = 0 dBm. Thus, the usage of 16 QAM modulation would allow for an acceptable pre-FEC bit error ratio. When the transmission distance L shall be varied, (3) and (4) have to be re-evaluated; the latter comprises the total length through the number of spans N.
Conclusions
In this paper, we presented simulation results showing the influence of chromatic dispersion on the BER performance of a CO-OFDM system for different lengths of the cyclic extension. We formulated a design rule which allows for the scaling to higher data rates and transmission distances while maintaining the CD tolerance.
